Induction hardening of nitrided steels by Barnes, Kenneth E.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1961
Induction hardening of nitrided steels
Kenneth E. Barnes
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Materials Science and Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Barnes, Kenneth E., "Induction hardening of nitrided steels" (1961). Theses and Dissertations. 3076.
https://preserve.lehigh.edu/etd/3076
;_,_.....;.,;.,'. 
.( 
.-
,; .. ; 
r._ 
.. 
--
... 
)<_·. 
,• 
' • iii\;. 
,,..._,, __ ,.n·l.,·,.t 1l 
~ ' { 
•, 
.-... 
• ~' '' '• I_• 
. ., 
/'' }, 
,~, . \II, 
.. ;·.J~ 
·,: 
.,,,,I' 1•. 
........ 
.. _. 
... ·;.· 
;•.: ... 
... -'· 
.,c....-.,, .. :,, .. ••~·--··-t- ..... ,' 
'\ 
r 
... 
-<-· 
.. ~ 
_ ....... . 
'\ 
r..: 
' •• 
-~. 
INDUCTION HAHD!XIRO OF 
·······/ 
NITmDED STEEIS 
-~- .. 
: .-,~-· 
·~·-> 
,..bl~/>·-· 
. 'I' ;,a, 
b7 
Kenneth Eugene Sames 
" 
; ... 
• J ( 
.... 
.. , .. 
-t:'>'~:- ~---- ----,-~ - .. ..---·- --
":'\" 
:,T 
i: . 
,. 
. ··,,.:.,.·~·· .. 
.. ...... -.. -.. 
' . 
•. f• .,.-,'°'."'~r •• r- ~---;,~./?tl:..il 
._, 
' • ~ :,ri '."·· ., .... 
.. 
'·" 
,, ; / 
" 
-' 
.. ··--- •. · . .:..'"' .. - .. -.:::..~-~.......:..--;-J::"l 
.... 
~-,. .. ___ .-, .... · •. _ . 
. ·.-... _ ... : 
-··---·-·-·····. ··--·-·---· --- .,~---
.. 
.;· :.:l., ,_...,,.. 
: ...... _.,..,_·:· 
,,.,.:, ... 
:.~-. 
. . ·. ---· .. ·- -·· .....J...-- -- --~ --·' . ....__ -~ ·-- ···-----·:······· _ ... -. -
· __ · . .:- -~- -·-
-~-,~ . -:-··· ...... ···"·---
",. ·'. 
1!-11 /1 
..i. 
... ATHWS . . ·.""':""" 
Presented to the Graduate Facult7 
. ... .. : 
... , . 
-'··-----~--------------- ' ' ·····. ----· . r-· -·---
•"':. ,,.• ,-~~- ~-
-~·.-1 
"t- '\; 
ot·tehigh University 
in Candidacy for ·the" Degree o~ 
< 
Lehigh lhiv:ersity 
,. 
,. . 
1961 
'\ 
) , I ". •,._ 
,.. -~. 
t"?t.t•· 
.Yi 
" 
"""'~-:. _ ...... -~ 
- .... ,,, .. 
.• 
·--~. ">"'. •··. ". . ~-· 
.. , 
-. 
...... 
.• 
~t-··· 
• I. 
,; 
... 
\--·~•·""' 
:,r-
., 
1 
'.~··ti! .ii,;i. __ l'l.'1 
"'. P. 
. g-~ .. 
''.1': 
,_,..· 
, ..... :,,, 
I 
I 
! 
\ 
..r 
··.7 
\ ,, 
,, 
·\ 
i 
.- ....... ·1 
' . . 
~--.-:-~--_;___. __________ ._· ---· -"""".----------------:---..,.__ _______ _: ____ . 
--···-~-----------·· ... -
! -
,2'.k----'""··, ' ,. .. ,._______ .:z.--': 
J· 
,., •.. ,.,,~u' 
~- ·.; : .... ,.l ... 
\ 
-"~····-- ':. ":,, .... 
- \• I 
-~-------~---------~--~-------t;-··'-c--_-_-_~ __ -_-,--i 
.> 
·f .,,.. 
.,· 
·- . ... ,'! ., . ',-· i. .•. 
~.'··:-... ·· 
-···. ··-· . .... ~---····-
·-=-··::_ 
. ,.. 
'\ iJ "' ,-. '.•'4 
.. 
·'ll 
-~ 
·'' ::,.,• 
-·-- --:~•:1- . 
.. ' 
1 
CBRl'InCATE·OF·APPIJ>VAL 
..:__{,_:, 
'. 
l. 
'!_. 
Thia thesis is accepted and approved in part,ia1 tulfillment __ 
o~ the requirements_ for the degree of Master· of Scieuce. 
1-.·,_··"1 ·--~. 
~) 
·, 
~ •• \> 
• ·• \ -~.' . J. • : 
. 
" 
\'·, 
'· 
1· 
\ 
.• 
... 
·'\ 
. ., •••. ..!,~·, •. 
.,'!f. 
-~11·. ,, 
-.;:-, 
·-:, 
:·.:z. 
·;_',' 
,, 
·i. 
. \ 
,; 
iri Charge 
'I''''![ 
II 
.of the Department 
allurgieal F.ngineering 
".r ,,,_.,_ •• ','.···-.·" 
r 
·------- ---- --- -·----c·-
-~ 
, •c .... '. I •-•:.•• ;-.,;,.--. 
.. .. 
\· 
·,. 
..,__ 
~-
•, 
.,. 
.... _ 
'· 
·, 
~ .... ..,"t--........... ,.-.--.. -----~------------- --'-· 
·, 
' 
·. 
J 
~~ 
'" ·-
.. ' 
'. 
.... 
'"· 
••• ~ 4 -· ;·· 
- - .-..--:,,_. ____,__ ___ --
_, .. 
.. .. 
ZI' 
,, 
. ... -~--- . -· --~-·---·-· -- ---
., 
-=C".":..""::'.r::.:. ........ --~~--· -· -- • • ..... ~ ... ~ .. ,• • . ••. :::_-.. -. " '" • --- _.··--. :..· 
. . r' •. ~·! . , -----------~··----
.-.. • :~~-. __ ...... . ,---.. .,,.-_____ _ 
., . 
\ .1·• •. 
,,,-. 
'• -: 
.-,""' 
'. 
.•.. 
:..,~ )'. 
·.· ·:~·· 
,!<, 
L 
.-;-,•· 
' ' 
·--~) . f 
:, 
·,.~. ii 
. ......... 
~·- 1...:,.,. .... ~-- -:-- ·_-:· _:_·-·:· •. : .... ~.t .... ·: ' .. _ ...... i,. ••.1": .. . 
... , ............. _.-_.- ~·---. .c-,.-, ..... ,_.--- .... ,.-, ••. ., .. , .• ,._,., ... 
........ -~ ... · ... • • ..,, ,.. ..... -·--··'· ·-.;.r ~-1 ... , )· . ., ,l"',,·.- •. ..... 
,,, .. 
·t',\. 
. .. 
) . .·.0...... 
' 
- ----------------~:__~. ~ _. . ·---------- . -----~-
. ... ·-~--- ... : -- ' 
t 
' / 
. . 
.. 
-
.· 
l 
.,.\ . ...__~ 
\. 
., 7, 1 
.• 
•.. ;,--'.__... 
~.:.:~\.,_:....·.:.., ........... .-: ,: 
. , 
I }'T•·"I {. /':<11 
'--.:______ -
Ai ii ,,•,-,- '' -. ,.,, . ..-~ ···-~ ~- --·.-
_ s: 41@ :m: ,1.il11111c:;;:;s;;:;;;,;; 111 Wm ·.~ . 
,r.:, 
1; 
I),•~ 
............... .. 
...... \ .......... ..... . ~ .• ,- ,,,._... .,,,~ ............ ~ . 
·--------·!-..---......,-----~-~ . .a.----.-------..... .....,,,.:."""'--..-...;.'---=~---..., 
.--
... J 
~~········--.. ~ L 
----·-----
---- ..,.__ ____________ _ 
·~----- . . ----
·-····-··-,t~t . ·-:- ... ~.-- --------7" 
-----;;----- "':---'.-.--
•·' 
.::-:_--:- ---:;-:-------=-~-·- . _ _,___ ·. ·- ----. !,- I • • . _, .. - . ---.,....-
· ... ~·.\ -··- ' . -----. 
• . 
---_-_ .. .,_,.1 ______ ~--·=1::~,;::-::., . 0 ,- ---·---'-'• • • T 0, 
? : 
.,--
····-;n-,""-Jfr-'.'. 
.. • 
.. :1-;- 'r' \. ·<"'~: 
·,; ~· I ACKNOWLEDCMfflS 
-·'.>. 
The author wishes .to- acknowledge the helpful comsel and· 
"<' .~ \) ._ • I ,r 
. . ~ . 
encouragauent or Dr. J. F.- Libech. \' r 
whose 
T~e author is particula:r]Jr ·ind:ebted to National Fo-rge Ccxnpany 
- . 
sponsorship made thi,\s I project possible. 
' \ 
Lepel. High Frequency ·Labora-
tories for ih0ir &id in induction hardening • 
Kind- mpp~ciation is extendep to my ·111re for- her- patience and 
~ 
understanding ·during tlds work.~ f.l 
r. 
I 
.'11,! ··; r :1 ·.'i•:·1-// 
.··-.: ...... ·-,-. 
.... 
' 
-,. 
-·---~--( 
.,. 
' "-· ··: -
··~ 
. ~ ....... .._, 
. , 
···-···~'- ., .. -...... -.. :· .,,,_.,, .-·.-,.-... 
. -~ ' -j 1 
.·' 
... ,.l'~·r.,,J;,., 
' ...,_ 
'''-·-? 
--~ 
;. •,:. 
··':·:·· .. :·· ,•> 
•"' .. ,• :··-.: .. ' ..... ~ .. · .. -.. -·• ..... .: 
. •,···:::" 
.. 
,.,,.; 
,;, ... _ ·1 
) 
·,i:· 
\", 
'I •_1):' .,. .:~ 
- ,_ 
.\ 
_,., 
./ -, 
,,,' ,,-\'',,!j \~ 
.• '1' 
·,, 
·- --r--·:. 
..~&Ji., 
···r 
:, . 
,-, . 
'!..:. - • .. -.. -.... ··· . ,,_ 
----~ ~-- -"'---- ~ ___ · --- --_~ - -----~---;:_Yi 
__ ...:.-~-----'--'-' -------,-·-------~·":-·-·-- ------ . . • " - • . ' -- - .• • - .,,-:--_- i ' • • t. 1 
:.._ •• ~~~~----.;..__......--;---.'...-._-·,;- ""." ........ _,-- .. --0--0-____ :.· ·-·- -··- •... ---· ~-- ••• -·----:··---··-· 
( .. 
·, 
._,. ,. ··~ . 
. -. 
.. 
...,.,:, 
·' 
,\ 
,,1- .. 
.,.,, '''':"\·' ,,,,,,;,,,.,,,.,,!•·•·•••·••P.'·'•·1,1,,,,,m,,,;,.,,r.11.1,,11.,,,,,·,,,;,,,,,,.,, ,,,,, 
,.,.,;..· 
·'• ...... .  
. -
...... -... -
:·.····''"· 
\·_ --- _..._ __ .......... ~i ... -....... ,-.:;. t"''": .... 
_.,,, iii 
,..,. 
.... ". . .,,. 
.. 
. -' 
~---- __ ._•- -~ _.~ .. -=----::,--- ·-
:-.' I 
\· 
11 ... ·;·:: 
. ··•··· 
·'- .... .:c:i-
·~-;\. 
,' i - ' 
11 
~-
~ .-. 
.. 
----':::'\~·cc------·-·---··-•-
.--~><-•-·.•-•"' i. '~-.. ~--·· 
,·, 
-,-
. -':'..-,· .. ~ 
:t 
~ 
'.i j 
·----.! 
" 'll 
~-
--- -- ---' -. --- -· -- __ ._J. 
- ------------·--------.. ------·- ----.. ·-·- - ~ 
) 
t 
.f 
--t 
! 
! 
,, 
J.'· 
u :--...,,.. •• 
·~· 
. i 
I 
i1 • 
I 
-
I 
l 
!• • 
!-, 
... 
-~----· 
' .. "• 
lo 
-u,. 
-· ____ -- "1"'-·---···-··-.- ··-·· -
': 
. 
. . . 
...... -............ - . - . --
-
~·1 • '.\, -~·,• ... .,._ •.••••.• ~ .... - ·.- --·--· 
-I 
.. 
~ ., :. ., ·-· i~ 
. .. "' - ~ - ............. --
,l" . 
~ . 1,,, 
/ ,. 
,, 
,. 
'',t, •' 
-~ 
_._ __ --- ---- ~ ------ ········-_.....!_;_---· ___ .._::,_ ___ ---
" 
., 
C.rt.iticate o~ ApPrOYal '1' ·."' •••••••••••••••••••••••••••••••••••••••••••• ' . ' 
Ackrl011loo~11nts ••••••••••••••••••••••••.••••••••••••••••••••••• .-, •.•... 
Introdu@ti~ 0 O O O e .- •.• e e • e e e e e .••.• e :. e e e e e e e e •• e e • e •. •. e • e e • e e ..... e e e • 
.:.J- . Blcpeffinei1rn~~ Procedure.-••••.••••••••••••.• -. •) ••••.•••••••••••••••••• 
Material.( •••••••••••••••••••••••••••••••••••• / ••••••••• ·~ ••••••• 
I ' 
' • f 
Ha.rdening .•.••••••••••••••••. • • • • • • • • • • e ••• ., ., •••••••••• Induction 
Depth:_Hardness . Determinations • ......... : •••••• -~~ ••••• ~ •••••••••• 
Corrosion te•t•···· . ·· .. ·~ ............... ~ .. ~ .•........ ~····~········ 
I 
. ····:.· .. 
Pa I s-. 
ii 
iii 
1 
2 
4 
Fatigu•. Tests •• · ••••• ~ •••• o •••••••••••••••••••••.•••••••••••••• ,.1__..!.--~----1J'== 
J 
~ '•\ 
Metallogr&phic ~ation •••••••••••••.••••••••• ,, •••••••••••••• 
.X-ray Di.ffx®,ciion. ~ ................. ••·e~~ .•••••• .- •••••• .- •••••••••••• , t~.; 
Raaults and Discussion ••••••••••••••••••••••••••••••••••••••••••• 
. ' 
4 
Depth-Ha~ass Detel'minations ••••••••• : ••••••••••••••••••••••• 
A. 
B. 
c. 
\ Comparison of Surface Hardening Treatmenta ••••••••••• •·• . 
Stability of Nitrlded Case •••••••••••••••••••••••••• ··~. 
Res istanoe ts Tempe ring ••••••••••••••••••••••.•••••• .- ••• 
~"~~9 
_Corrosion Studies • . . . . . . . . . . . . . . . . . . . . . . . . •"• ................. . 
l!t 
.Fati;gue Stu.di~~~-- •. , .•.••••• .- •••••.•••••••••.••••••••••••••••••••••. 
,' 
.. , 
/ 
••••••••••••••••••••••••••••••••••••••••••• 
;.; .. I-ra;y Diffrsction Studies ••••.••••••••••••••••••••••••••••••••• 
' .S11tlB8r:, (!) Q o J)o o o o 9 .................................... , ••••••••••••••••• 6 
! 
Bibliograpto,s •• ·~ ~-·~ ;~;-;··~ •• .-•• ~ • ~- ~-~ •••••••••••••••••••••••••.••••••••. 
·9 
10 
10 
10 
16 
16 
20 
-~---4~ 
·~- ~Q 
28 
4J 
.49-
--·-·-···-·····-·-· ---· ·-·-·-·---- --· ---·- --.- ·------------------ ... ··-----r··:--- . ...... --
--- . - --------- --
-~.--,.·.--: 
L· . ." .•.•. 
,l. •' Vita~ ••••••• -••••••••••••• • •.. ·· ••••••••••.••.••• _ ...................... •l•. 
-~ r· 
~·· 
"· 
\-- r- . 
,. , ......• 
-., 
• I 
. J, , ..•.• 
iY . ; '. ~ -·--·-- •'-1 
,, ··.·. 
.. 
j 
....... 
,·' 
.. --~----, 
-~--
< 
- . 
t 
\.· 
... , ..... ,. 
. .... -
· 1 
.• , ., I, 
.. i.: l' 
ii 
• 1, 
;;-, 
I 
. .! 
' 
> i 
i 
( . 
.,C I 
Js:1s:so1zwa:mµaa$LA1&:awww-::i >.::II • ' . •t . '' . . ' {' : • ~ ' • . .. • . ' . ' . 
'I.-
---1-- ·~--- ·- ., ...... 
..... 
'. ~-··~'(,I,. .... · .. ·- _____ _..,.._. .... -
.., ""' . ' ,. ' -~ 
-~-
' __ ,-,.~ .• --. •··--• ,--• ._,....,,,;,..._.~,,.-._._.:.,.,.-,, ,.--,L·-- ,,.,.,.,_, __ ,,-,.--,.., ... ,~~••c-,,. ,..- ••T~·,rrs~· ,.,-.,.,~-,--.-:.•.,:·•------,-,-,-,_~r..J __ • __ -_-~--~~.--
.. ,,, ,n .. -:,••""'-• "'_< •-••• · ____ ., .. _.~.,·-·• ,• ... . . 
- -
··-·-·,;. 
.... ·. - . . ' . -~ ~- . ' . •, - *' --=;-;---::...- ,..; .... --:-::::---..=--....:===--==-~- ~;;;;. .. , .... , --=~--,:~---
- -----...--·-· 
\' 
.. ~·--- - - -- -- .. 
-- ~--. ~- ·.J.;-··-- ----- - ,-·----;--.,~:-
'' 
- ..... -~·, -- --....... .-.,.... .. -
' . ti..', ,. . .,, : I 
\,'·• LIS'1' OF TABJES 
. C 
.,. '.' 
. -- ·;-·--i---:.......J. 
, -l . . 
I J•· 
- -· ... , ~, ...... ~- ... -. -·- -~ .... - ........ ,~ 
Table 
.,_ 
I 
II. 
III 
IV 
--·v 
VI 
VII 
Chtlllical eampo--itions --ot Material.a Used in stud7 ••••• •••••. 
Prelim1 nar.r Heat -. T,eatment • •••••• · •••••••••.• , •••••••••••••• ~ 
Induc-tion Heat Treatment • ••. ~ •••••••••••••••• ~ ••••••••••. • .-.•• -
Huill1JD Case Hardness Values for the Three .Surface 
Hardening Treatments o o o_ e o o •. e o 
1
0 e e o ••• o e o 0 e e ~ ••• •j• •• ~ •••• 
_..,,. .. 
Rasiatance to· T~pe~g •••••••.• •• •••••••••••••••.•••••• ~ •••• 
,.,. 
Micro-Hardness le~ts •••••••••••••••••••••••••••••••••• •• • 
'-' Depth of White ~r· •••• ~, ~ .•• -••••••••••••••••••••••••••••••• 
_J . 
Page 
( "· -
'-
3 
$. 
' ?S 
36 • 
.36 
--:--: ---'- -VI~l'l.3" mttraation Data for- N:it.l'id9d NitrallO'f 135 Modified. 4S' ·_ 
I .II 
I 
J / 
\. 
.. 
-~-
. ·-
j ,;;., 
: .i'.•_;.. :i:·-
. ":! 
\' '· 
\•·····.;.• 
I-ray Diffraction Data for Nitrided JUSI 4340 - First Ll1•r 
··-:i.. 
_..,._ I-ray Diftract,ion Data for Nitrldod AISI 4.340 - Second 
~er ••.••••••••.•••.•.••••••. ~ ~";~· ••••.•.•••• ·: •••••••••• 
.. . 
( . '. ""' 
r 
j 
·,. 
_'.\' 
.. 
,·.,- , .. ,· ' :, 
1· •• 
.. 
~-
.~,.,- .~' .. , ,:. 
/ 
. 
.. "' "'-<' ; 
~ ~a· ,.. ... 
... 
'i 
'.l"t. 
._;. 
-·· .. - ·,·.-·· - ::.~ ..... -
}· 
o·· , 
I~ • • 
.~· 
li6 .. 
47 •1/ I"'. ' , •"' 
. ., ..... ,,..,.. ,~ii 
• 
. :-·.r. 
·lo' 
. -1 , - --- - -----------· ___ ,. ____ __:_~ --;- ---- -- --· __ ,,_ __ --·- ---- ---c.-·-.,....~·--··--·-. ·- ------- ... --------- .- -. ~-----, , ... _,._. ----~-----~----~-~--~------------:--~---·----~----~---..'.-..-------··--------~.----...:...--..-...-------·-··-----"'."'----;--:----,-·.)~~---·< .... .......;.: __________________ -~---,---~-----~-'------·--·-·-------1'"-"""-
.:·: .,, \ -- . ·. ·.- .·• ·-·· ... -.-· ~ .•. --·:· --- . --·,-.--· ;_ '.- -
i I, 
--
(. . ·---
_; 
. , 
. - --· .. , ..... '· 
(""• 
i. 
.. _ 
-~· 
-
·''-·· 
' "-
\ 
-·- ___ .&,-:._. ·-- . - .... ------ . ·-, .. •· . ··.· ...... . . . ._ - ' . . . . -
. . . 
- . ,-,f .. ,\ 
. 
., 
y ~·· 
····:·~.:~;,..·.·, ._ .. ,.,, 
... r: "'. 
-·:-'{-: 
.......... 
/' .. -.,. ·,, 
\. 
J '~\. •••. 
:./-. ,~~: .. .. 
I • 
... 
' \,- I . 
·J . 
. ' .. r:' 
' ~ .. 
. ? . 
I 
t · 
-~. i 
: i 
.: ··1 ; .. , . ,, 
0 i 
I 
i 
i. 
' 
' 
-.···\ 
' ,, 
- . T 
j 
, I . 
I 
1 
' 
' 
_....... 
c r .,,, _ _..-••I• 
'. •.,,.,. ·.,_ 
\. 
i 
I 
. .. 
_L_ .... 
)·· 
·. :\ , . 
1. ,. 
-
. . - . - - . -• . ' ·~- -
' . . 
' 
. ,, •.. , .. ·. 
-
. ·- .- . , 
.. ·.' . ....;. . •' .,., 
.• .. - '.' 
~----~ 
-
, 
---- __ ,_ - ·- -· ·--- --
- . ---r·---
~-:--r~-- ,, 
• • I ,. rv 11' ••• ~" ~ j 
... ,.,, 
... --·- __ .:_:-'.'_. _-
___ ,, . .:. 
...::_ ... ··---=- -~-:---= 
- --
-
-- . :, .... , •',-,···~ . -' ---
- -------· .-
-----· ·······-·-. 
--- . 
.f.···'-
rs.sue / , . · Page 
, ,_i, 1·. t· I 
... 1 ·Dea1sn of. Specimen ·tor TaJdng,,Depth--Hardness Baad:Jngs... · 6 
·v1 
------,-~ .. 
. ·-. ··,• ,· 
·, ,, 
--·----,··-··-
a 
.... 
.····:~ 
J 
.. 
- ' ~. 
" 
.1 
. ...:.: .. 
... 
.. 
• 
'-
' '-.., 
'''' ri.-. .,.,·· 
• ,ii.• '• 
. ........... , ' 
. 
2 
.3 
Design' of Spec~en and Lo~ding· Syetem for Fatigue Testa •. 
.. ,Cempariaon of Surface HaMGnmti T~n'\(&loota for AISI 
-~••••••••••••0~oeobooo.ooooooooooooo~oooooooo•••••• 
Ccaparlmon of Sl!riooo ~maning T:re·atments for AISI 4~(lo O O O O O ~ 0 0 0 0 0 0 0 0 0 0 G 0. 9 • e • e O ·• e e • 0 8 e e • • • • • • e • e • • • e • e e \ ,, .• 
... Comparison· of Surface Hardening Trea~~ts for · 
8 
11 
t' ': ,• ,,,• ... ' 
12 
,?·,.. Nitralloy l3S Modified.""; •••• e C. $fl);. 0 •.• e •••••••••••• ·~- 13 -- ----~ -~- ---· -
. 
. -
6 Comparison of Surface H~ning TJf0atms,nts for AISI 10hl. e • e • ,e 6 e 8 0 GI O O O O O O O O O O O O O O O O O O O O <i> 0 0 0 O O O O O O O O 6 • ~ e e e· 
7 Oompar1mon of J.);}pthc=Ha~®ss CuJR10~ torr AXSX 4130, AISJ 4.340,D.,~Jit~ll@y 1~; t4@oclf1ed.9 ood. AXSI lOhl After 
·Nitrlding Pll>lSJ mductt~im ~oningo O O O O OQ O O ••.• ·•••• ••• . . 1$' 
8 b lffect of &Jfdenmg T:lm€a Upon Hardness · of Nitri.ded · -usx UJo si@~l o o •• & ••••••••••••••••• -•••.•••• · ••••••••• - ' 
9 ' - ·· .. # 
. 
lffect of Halrd.®ning Time Upon Hardness ot Nitrlded AISI 4340 stGelo O ••••••••••••••••• 0 0 0 0 0 0 0 0 0 0 0 0 0 •••••• 
10 lfte~:t of HaroGrting Tims. Upon ~roii®ss of Nitrlge.d-.· .. - · 11trallcy 135' J;~odifi@d S~o<alo O O O 00 0 0 0 0 0 G •••• ~ ••• · ••••• 
l2 lt'fect of Tapering Nitrided Plus Induction Haroened AISI 4.340' stee.1 · at 800 ·and looo.°F~ 0 0 0 Oo O O ~ 0 ~ 0 0 0 0 0 • •.•• 
· 13 l.fteot of Tampsring i~itride2~ Plus !fi«:m©\f,i@n Herdsned · . 
· Nitnll@y 135 r4@di.fi®©1 sioo·l nt. 800 Md lOOe>°F .••••••• 
0 14 Bt'fect of __ TQiJQparing ?~ittided Plus Induction ·Hardened . 
lJ,;.·,, 
17 
i8 
19 
21 
22 \ & 
\ 
\ 
.,..,.,.. . ' . ,., -,., ,., ·, ' •·· ..... ' •·\ ' ' ' " .. 
1 
23 
" 
' . AISX 1041 Steel at 800 and lOOOoF •••• e O  G. 0.......... 24 
··'!, 
\ 
..'I 
J 
1. lS r ~ 
' J ColTOsi·on Specimens Exposed in an Ind~strj..a.l At:3osp}l.en-~-· ·---:·~.- ----·--·----;·--· -~--=====~~~ --~--:-: \\. -- -- -· tor -170 Hours •••••••• •--•-•-•:..e ......... 0 •• 0 0 Q"e o·o·o O O C)GJ O .-.,-.- .-.-.-------- -27-- ---~:·---. ~-
.. ·.·-···--·--·---··-·---, -- -----'-- --=-----
-- ----
....... ' ~ ---·"'·"""'' ___ ..... , ..... • .. -
-7-_-
---- -
. 
- --- . .. -------~-- - .... - . 
.. 
- ---· ----- __ ....,....,-.-.---· --- --------- --- "" ---- __ .. __ -- "---.-- -
f-
_...!--------. 
. / 16 Ccmip&rison of Fatig,ie Tests. for AISI 4340 ••••••••••••••• ... _.-.- .. 
' .. 
.. 'ir. J 
' . ' . 
.. , ,"': . . 
' " 
,. 
• 
, .. : 
I .:..: 
- ( 
• ... f 
. 
, 
.f'· . ' ,. f ••• ,. ;·" ........ ~ ........ , .••••••• 
••• ·, ••• .,¥,, •.: ... 
. . 
.. , ..... ~· ........... -.°'.·-. 
. ... _ ....... . 
.  
ts, •. 
. ~· ,:•., ... 
'---~ 
... 4--.~ 
7 
'' 
,-- .. kt. -
•, <' I.• 
. . '· . .. ....... _._ -··. -···· .--~----- -
• 
··') ' 
, . 
.. - . . . ~.. ' .. 
,•· - .... . ··~ ,,..,,.:-:::;··· . 
'· . .... ......... -
. . -
-
r 
.' --··- ------~--
. ·-·-· --- -··--
) -
- "'- -· -- ·- •'·- -'-~---_.; ..... 
- I- •, 
-_ figure ----~ 
.!.-"-. 
.,, ·. 17 
.... 
'( 
' ' 
. ' 
,_ - -- ---- --
~- -~-- ----~-----
- - - - - . - . 
0 Pap 
--, 
:;s- ---- -- __ ;::) 
... 
'i.. ... 18 
MicrQstructures Ot As-Ii tr.I.dad Spec:laena Shoving the 
~en_ched and TEllllpe red Core • • '~ io •. ~ .. _! ••• ~ ~~~~ ... °. •-!-~!.!!.• .~ .. ----- ___ _.J> -"-·-----~-·------_ 
· . Mi~stl'llCi\U'as 0))8-Ni tr!;~ ~;cimens Showing the . --
• • -,P -- -----<-~-Nitrlded Case ................... •·• ••••• • ••• 6;. o o .... · •• •• • )1 
. - . ·····----···-·-- -·-- -·· · ...... ; ; ... ---· 
r 19 ll'all-Ritrogen Equillb!"itml D:!egram (10) ••••••••••••••••• , 
I 33 
20 Hicrostruatur®s @£ Nittid@d Plus Induction Hard8n8d -
· · · · ···· Sp@oimans ff(l!}ld sit Teimperatul"8
0 
0 Time Showing 'th$ _ 
- Ni trlded Cms@ o o o .................................... e •'. · 
. , 
. i . 
!. ,•;· 
I 
l 
I 
I 
! 
I 
I 
I J_ 
;_:_ ~ :-:- -· . 
' 
.t 
21 
22 
.. ~. ' 
23 
J 
"' 
. MicrostftAC'tUE'G&- of Nitrided Plus Induction Hardened. 
Sp~@imens Jield at Temperature 1 Minute ~otdng tp~ 
Ni tridEt Case ••••••••••• ~ ••••• ~ •••• o o o • o o ~ o o o " • ~ · •. • ••• ·• 
. -
Microstl'Uctures of Nitrided Plus Induction Hanioned 
Specimens Held at TE111P8rattlrei O Tim@ Shor'1ini' 
Martensitic Structure in th0 Nit.X'i~ C@.!'IGJo" o ....... •. 
· Microstructures of Nitr.Ldf!d Plus Indueticm Hilrdened 
Specimens Held a~ 'l'e@JJ@Jr.ature O Tim@_ Shm:T.mg 
- M&l'tensitic Struot'W:'® B®lo"M thca Nitrtd@ ~s ••• •• ••••• 
......... 
Miarostructures of Nitrld@d Plus Inducti@El ~daned 
Specimens Held ai Teml)®ratwe .1 Minut@ Sho~g _ 
Martensltie mZ'Uet'!ll'® in the Ni trlde CM® o o .......... . 
- -- - 1- 25, - Mic:ilOstlr'Uctl!lfas @f l'U.trldod Plus Indu©'Giori &!M®ned ···· 
SpecimooS Held e;.t Tooi)P®iratUN l fJJinut@ Sho-e,.Mg 
Mart0nsi'v:.ie. mr'l!otuN1 inll® th@ Nitrld0 C!ls1SJ o........ --· -
26 . . Microstnietves of' Nitri.ded Plus Induction Hardened 
. ' . ' . 
11 trallo,y 135 Modified Showing Surf ace Cracks ••••••• ~ 
;."'•··•.· ... .. r· 
· 37 
,J'} - . 
-44---.. ' . I .. J' 
-· 
I .:,..-. ·"·-·· .,- - -...- ---- ---
! 
. /'·, _. ,-~ 
I, 
I -
I 
,, 
: .:. .. :, ' ... 
' ... • ...... / ., .... . 
. - .-·· ' ' '\ ,. . 
... . ··-~-:- - ,: 
_· ____ :-_:------· ._, .• r_·• .. __ _1..,_·-~-- - -"--'--'------"--'- . --· - :":....~ • ....: 
--- - ---- _..,--.--.'.:.. ... , ..... , ... _ ·, .. 
' " -
- .'.: ")1-:: -~ •. .... -~,-- ·" ·~......-
/ ,ii. :~ 
/. : 
.. ' 
. .,.,,_,. 
0 '( 
---;,.. 
\ . 
'~~---
.-, ._ 
. ,.•, :\• 
i 4:,: . 
.. 
. t•, 
·IJ· 
···:·· ....... -
,, 
I' '. 
,· 
--.... ·~.-.-.:.:.,.· :',-.;:~. 
. J 
Y11 
··•· .. ---_:,-~ ---
•' • _., oP'•/" (' '• ,: • 
• - ....• -t· .... .. 
~- . . . ;' ·. ~- -
. ·•," 
• I ;\ ,l\ 0',jl·',l_j\ 
.... -..... 
. ' .. ,. - - --
. ' - - . . .. 
. . . # • 
- . . ~ 0 '. 
• 
-· 
. : - . :<, .. - " ,, 
, 
r :. \ .• , 
. i. 
\'. 
- . 
~ ---- - - - . 
-- ··"'" ,, ..... ·.-·-· -- .. ~ -- ·- ·-. ·- . -
'"·,·,· ' - "-.:.. •, -
... . 
' \' .-
' .. • 
··.: .-· ·, 
, _r,\ .-.:t~ .~-~--,-,;-~ - :, '~ ' 
/ 
\ . 
~ - . ·. 
·!' .. 
,-, 
'-~-:~---·· 
--···· ,-- -- - - - I> 
. .. ,, .-
----------
• ! 
, . . .,,-- ·., 
~ ... -· ' ._i~ . 
-- .•-·. _ ,..;._ •• j 
:--· .-: 
\• 
,- ' 
• f ~ ':: ;_,_ -
1'-1. 
·•• 1, 
\; 1, ' ' •• 
' -
•. . i'·t\; 
·. -
. ·' 
.,,,.,J"''1·• ' 
' /'II 
:·~:. . -··. . 
I. 
I ·, ' ........ :·. ·. 
~--..,, 
' . .J,.'' ;., 
,-;, ·, 
. ·," 
Q -~-
- " 
. ,· . . . . 
. ' ' ,t 
,·",_.,.":"'·-··:=''.".==7'<'-~~~~,~-=~~~=---~"'-~ =•~-::==-~=·=-,,.u--.;._'--~--. ~~~-~~ ... : ~·~;··""."'·="'--:·:::: ~:-+ .. "--~'"'~•~ ·, .. . ~-~·~-==-~=~"==''·'r-"'=:'":::-~== -·. --- ·----~-
'·'> ·,. ... 
_, ... ~... ... '·.··;-· -~ • 
~ .... ··•·.. ' , .... ·.· ... t 
.. 
... ~--~ -- µ - -- --- -- -- ... - , ,..,, 
.. 
'> 
·· .. · ('. 
- -..-·- -· ==---
..... .. . .. . . . . . . ·-
/ 
•• :_• .. ·: ••• ·• ·-~ -- :,. • 
_·· ·,H •0 • •·- -·--•• •• ==·--- ----~-, ---·-==----~~~~~.!.~~~.:._,_=-==~-~~-=~~--==-;=, 
-- - ---- .•. ----·- ·----- - '. ""I" - - --
• 
. ' . 
····-·· --.·· -- .......... • ... -----,•· --- -·--· ~ • .,. .. c.. --· .......... ·-· ·----\~- - . ·-- -- ... ':..··. '···· .. • ...... -, ' 
. --.. -4 --- -. --~~~·:··-~:, __ ---:· ~ ~-----:~---: ______ ·--~------_:_~-~-~-- ·- - -- --~- -:--_·=-:- ------- ., 
- . - -- -·· ---·- ---
-
- ~ ~ - . 
- - _,,._ ------- -~ -•--... ~- - .. 
.. 
:Intmduotion . .... I 
I 
\ . 
' 
'I 
-- -- =· -: :.. ::.;:~ .. A 'pN'f!&U 4&Y~-gation--fi-} demonstrated that· . ....c-in...,--d•u-c_.t.,.i·o~n~· --1i1ma..-,r-~------,-.---- :--1 
<U ' . . , . .. . , • 
. ,_· .II dening .fellowing nitriding raises the surface, ~,~rdness_ of A~SI- 4340 q ~ 
. I' l 
·----~;:···steel from %.-51 to Re 64 and- prov'.ides a thicker ·case. Thia new .. ··-···.-----·--·---· ......... -.::.., .• _. __ , .... ·--~--------- ·--···----- I 
i· 
·l 
I 
J . 
·r 
i 
.. 
/, 
I, 
;, 
' 
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~-' •. The :present investigation t-Jtfs therefore initiated to .provide further· 
. data and analysis of· the @cmbin®d 'surface hardening. treatment. 
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Nitrid@d -~t®®ls are unstab~e at austenitizing t•ratures. (2). 
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.. Induction hardGni.ng, however, provides a very short time cycle-at· 
, these· temperatures_·. The effect of· ~his shory time cycle . on the 
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nitrlded case-fvas studied. Depth hardness cunes were detennined 
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. o!.:..th-is-·rrew su~.facet hardening treatment. Finally,. an attempt was 
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made to int@rpret the results in terms of a careful structural 
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s~rface ha~ening treatments.- . -The first group was. directly inducti1on 
"' r,..'i.•'l,l;.l,, 
surface hardened. The ~second group was .nitrided in· a two-stage pro~ 
. ' C8ss. This t-reatment consisted 9f t;iolding at 98,°F for nine hours · 
: 1fith 2S-J5% _dissociated 8111111oniaJ increasing the· dissociation ·to· ..• 
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AISI 41.30 .28 .48 .012 .011 .27 .15 .9S 
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.1 Nitrallo.y 
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